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1. Introduction

For a long time, the process of pregnancy, a physiological state absolutely essential for the survival of viviparous
species, caused immunologists to wonder: how is it that a fetus, a semi-allogeneic organism (or even totally
allogeneic in cases where the oocyte or embryo is donated), is not rejected by the mother as with an organ
transplant? As early as in 1945, Ray Owen observed that two dizygotic calves that shared the same circulatory
system in utero were able to tolerate the other's blood group as an adult [1], thus revealing the plasticity of the
immune response in a gestational context. A few years later, Peter Medawar, who went on to win the Nobel prize in
physiology, proposed the concept of “fetal tolerance” to describe the way a mother adapts to her child [2]. This
paradigm has been confirmed by dissecting the different mechanisms involved, in particular by using murine models.
Indeed, despite the many maternal-fetal interfaces created during pregnancy, and the very high level of contact
between the cells of the two organisms, active phenomena provide selective maternal tolerance towards her fetus
without compromising her ability to defend against infectious agents. This field of study has even shown, conversely,
the central role of the immune system at all stages of pregnancy, from implantation to birth.

In this review, we will describe the main immunological elements involved in a positive pregnancy outcome.

2. Role of the immune system in placentation

In what are known as eutherian or placental mammals, the fetus is separated from the mother by the amniotic fluid
and the placenta, tissue derived from the trophectoderm of the blastocyst [3]. The placenta is the most important
maternal-fetal interface: it performs essential metabolic functions such as gas and nutrient exchange, waste
elimination and the synthesis of progesterone - a hormone essential to maintain pregnancy [4]. The development of
this structure, in direct contact with the mother’s blood, is afforded extraordinary immunological benefits.

2.1 Structure of the placenta

In both humans and mice, placentation is haemochorial, meaning that the placenta invades the maternal uterine
tissue [3]. The blastocyst becomes implanted in the decidua, an endometrial structure that only exists during
pregnancy [5]. Placental trophoblasts colonize the decidua to form villous trees, which will collect in the umbilical
cord (Fig 1). The remodelling of uterine arteries into flaccid spiral arteries will slow down the maternal blood in
which the placental villi bathe, and thus facilitate metabolic exchanges [6].

2.2 Maternal leukocytes and decidual remodelling

The remodelling of the decidual arteries is not only due to trophoblasts. In fact, a maternal leukocyte population
found only during pregnancy contributes to this phenomenon, decidual NK (natural killer) cells [7]. Circulating NK
cells are a population of innate lymphocytes, overwhelmingly of the CD569™CD16* phenotype, which typically exhibit
cytotoxic properties when the signals delivered by their activating receptors exceed those generated by their
inhibitory receptors [8]. However, decidual NK cells exhibit very different characteristics to circulating NK cells. Of
the CD56"€"CD16%™ phenotype, they are only slightly cytotoxic and, on the contrary, exhibit tissue homeostasis
functions by secreting growth factors, angiogenic factors, and cytokines [9]. Their abundance is highest in the first
trimester (70% of decidual leukocytes) [7]. The trophic role of these cells is supported by murine models where their
absence is associated with decreased fetal survival [10]. In humans, a much lower percentage of decidual NK cells
has been observed in endometrial biopsies from women with unexplained infertility compared to biopsies from
fertile women [11]. A recent study demonstrated the presence of a particular subtype of decidual NK cells in
multiparous women [12]. These “pregnancy-trained” cells have greater IFN-y and VEGFa production capacities and
are thought to facilitate implantation in subsequent pregnancies from the same father.

3. Maternal tolerance mechanisms
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Many mechanisms, mainly targeting the activation of T cells, contribute to maternal tolerance towards the fetus (Fig
2). None are sufficient on their own, and while some are more important than others, it is their accumulation that
enables the normal course of pregnancy. As we will see, every step of immune system activation is inhibited.

3.1 Activation and recruitment of T cells

To be activated, a naive T cell must recognize its specific antigen presented as peptide-MHC complexes on mature
dendritic cells [13]. Typically, dendritic cells take up antigens in peripheral tissues and migrate to the draining lymph
nodes [14]. First of all, it should be noted that, in pregnancy, maternal T cells are only activated by fetal antigens
through indirect allorecognition [15, 16], that is to say that it is the maternal dendritic cells that will present the
antigens. The fetus may therefore activate only a small fraction of its mother T cells, much less than when direct
allorecognition is involved, as is the case with organ transplants [17]. In addition, the endometrium appears to be
devoid of lymphatic vessels, thus preventing the activation of T cells in this way. While this histological characteristic
has been confirmed in mice [18], it is still debated in humans [19, 20]. Regardless, decidual dendritic cells are stuck in
a tolerogenic state [21] meaning that if they do manage to reach a lymph node, they cannot effectively activate T
cells.

However, the activation of fetal antigen-specific T cell clones remains possible via the systemic pathway due to the
release of placental debris into the maternal circulation system [22]. This diffusion into the circulation is limited by
decidual macrophages, which eliminate some of the apoptotic cells from trophoblasts [23, 24]. Their clearance limits
inflammation and helps these macrophages acquire a tolerogenic phenotype [24].

An additional mechanism, this time obstructing the local recruitment of activated lymphocytes, has been
demonstrated in mice. One study showed epigenetic silencing of decidual stromal cell expression of CXCL9 and
CXCL10, chemokines responsible for the recruitment of Thl (CXCR3*) lymphocytes [25]. It is not yet known whether
such a mechanism is active in humans.

3.2 Limited MHC molecule expression

MHC molecule expression is repressed in the placenta, which greatly reduces allorecognition: MHC class | molecules
are only poorly expressed [26] and MHC class Il molecules are not inducible [27]. Extravillous trophoblasts express
only HLA-C molecules [26], which prevents their lysis by decidual NK cells through “missing self recognition” [28].
Indeed, MHC class | molecules, and particularly those of the HLA-C locus, are recognized by inhibitory KIR (killer-cell
immunoglobulin-like receptors) and therefore prevent the activation of NK cells [8, 28]. Certain HLA-C/KIR
combinations appear to be unfavourable and increase the risk of pre-eclampsia, which underlines the vital role of
HLA-C in the regulation of decidual NK cells [29].

Certain less polymorphic non-classical MHC class | molecules, mainly involved in the regulation of immune responses
rather than in the presentation of non-self antigens [30], also allow extravillous trophoblasts to escape
immunosurveillance with decidual NK cells by binding to various inhibitory receptors. This is the case with HLA-E [31]
and HLA-G [32, 33] molecules. Note that HLA-G, especially via its soluble form, also plays a role in angiogenesis and
remodelling of spiral arteries [34].

3.3 Local inhibition of T responses

Placental cells are able to actively defend themselves against activated T cells. For example, the placenta expresses
the inhibitory molecule PD-L1 [35]. In addition, syncytiotrophoblasts release exosomes containing TRAIL and FasL,
molecules capable of inducing apoptosis through death receptors [36].

Decidual macrophages also limit the activity of T cells by another means: they produce the enzyme IDO (indoleamine
2,3-dioxygenase) which causes the deprivation of tryptophan, an amino acid essential for lymphocyte metabolism,
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by transforming it into an inhibitory catabolite, kynurenine [37]. This enzyme also plays a role in the induction of
regulatory T cells.

3.4 Suppression by regulatory T cells

The contribution of regulatory T cells (Tregs) to maternal-fetal tolerance has mainly been studied in mice: their
depletion increases the risk of fetal loss in non-syngeneic pregnancies [38] while their adoptive transfer decreases it
[39].

A very elegant study using a transgenic murine model demonstrated the accelerated expansion of fetal-specific Tregs
in the mother [40]. Another study clarified that these were peripherally induced Tregs and not thymic Tregs [41].
Indeed, CNS1-KO mice (CNS1 amplifies the FOXP3 gene essential for the generation of this category of Tregs) have an
increased rate of fetal resorption in cases of allogeneic pregnancy but not in cases of syngeneic pregnancy [41]. This
research even includes a very interesting phylogenetic component: the CNS1 sequence is highly conserved and is
only present in eutherian mammals - it is absent in non-placental mammals such as marsupials and monotremes -
which underlines the prominent role of induced Tregs in the acquisition of placentation during evolution [41].
Induction of Tregs begins at conception with exposure to paternal antigens in the semen [42, 43]. Fetal
microchimerism, the persistent transfer of cells from the infant to the mother, is thought to play a role in the long-
term continuation of differentiation into Tregs [44]. Note that the percentage of fetal-specific Tregs cincreases with
successive pregnancies from the same father [40], which can be interpreted as an immunological advantage
provided by the first child to the siblings.

Despite extensive research, the exact mechanism of action of Tregs in pregnancy has not been determined precisely.
The most popular hypothesis is based on the traditional effects of Tregs in the homeostasis of immune response:

they prevent fetal loss by inhibiting conventional T cells directed against the fetus and systemic inflammation [45].

4. Birth and disruption of tolerance

In recent years, it has been shown that the disruption of maternal-fetal tolerance contributes to the onset of labour,
with gestational tissue changing from a quiescent to an inflammatory state [46]. Several immunological obstacles
created during pregnancy are thus lifted during childbirth: NK cells are activated, tolerogenic macrophages
decreased and MHC molecules expressed by the placenta [47].

5. Conclusion

In light of the very specific mechanisms that come into play during pregnancy, it would appear that the fetus is in no
way akin to an allogeneic solid organ transplant and that this parallel is therefore no longer relevant. The mother
immunological adaptations appear to be essential for a positive pregnancy outcome with regard to conditions
associated with deficient tolerance such as pre-eclampsia [48] or miscarriage [49].

However, we should not forget that the fetus also tolerates its mother and that pregnancy is therefore an important
time for the ontogenesis of its immune system. The transplacental transfer of maternal immunoglobulins G via the
neonatal Fc receptor [50], a mechanism which provides passive humoral protection to the child, automatically comes
to mind, especially since the passage of pathogenic antibodies may be responsible for well-known disorders such as
haemolytic disease of the newborn or antiphospholipid syndrome [50]. Another less well-characterized phenomenon
seems to contribute actively to the education of the fetal immune system: maternal microchimerism. Indeed,
maternal cells that cross the placenta and become established in the unborn child are necessary for the maturation
of the fetal thymus [44]. This microchimerism could have very long-term consequences, either harmful - it is
suspected of being involved in the development of certain adult autoimmune diseases [44] - or beneficial - it would
explain the success of haploidentical bone marrow transplants between a mother and her children [51].
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Abbreviations: Ag, antigens; IDO, indoleamine 2,3 dioxygenase; KIR: killer immunoglobulin-like receptors.
The question marks indicate mechanisms only described in mice.
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